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The key factor to improve the electrochemical performance of Li-0 2 batteries is to find effective cathode 
catalysts to promote the oxygen reduction and oxygen evolution reactions. Herein, we report the synthesis of 
an effective cathode catalyst of ruthenium nanocrystals supported on carbon black substrate by a surfactant 
assisting method. The as-prepared ruthenium nanocrystals exhibited an excellent catalytic activity as 
cathodes in Li-0 2 batteries with a high reversible capacity of about 9,800 mAh g" 1 , a low charge- discharge 
over-potential (about 0.37 V), and an outstanding cycle performance up to 150 cycles (with a curtaining 
capacity of 1,000 mAh g" 1 ). The electrochemical testing shows that ruthenium nanocrystals can 
significantly reduce the charge potential comparing to carbon black catalysts, which demonstrated that 
ruthenium based nanomaterials could be effective cathode catalysts for high performance lithium- 0 2 
batteries. 

Rechargeable Li-0 2 batteries have been considered as the most advanced battery system to meet today's 
stringent requirements as the power source for electric vehicles. The energy density of Li-0 2 battery can 
reach up to 2-3 kWh kg" 1 , which is the highest among all current rechargeable battery systems and 
compatible with gasoline 1 " 3 . However, the performances of Li-0 2 batteries are still constrained by several serious 
issues, including high charge -discharge over-potential, low rate capability, and poor cycling stability 4,5 . 
Furthermore, the energy efficiency of Li-0 2 batteries is much lower than current rechargeable non- aqueous 
and aqueous lithium batteries 2 ' 6 . 

A typical rechargeable Li-0 2 battery consists of a porous air electrode as the cathode, a lithium metal as the 
anode and a nonaqueous Li + conducting electrolyte, in which the oxygen is drawn from the outside atmosphere 
and reduced by lithium ions from the electrolyte to form Li 2 0 2 during the discharge process. During the charge 
process, the discharge products electrochemically decompose to lithium ions and oxygen 7 " 11 . However, the 
intermediate species of oxygen reduction reaction - lithium superoxide is a highly reactive base and can react 
with the commonly used organic carbonate-based electrolyte to form significant amount of lithium carbonates 
and lithium alkyl-carbonates 91213 . Early studies of nonaqueous rechargeable Li-0 2 batteries based on these 
electrolytes only showed a few cycles with extremely high charge-discharge voltage gap and poor cycling 
stability 1415 . Later, several investigations demonstrated that ether based electrolyte is more stable than carbonate 
based electrolyte 16 . However, it still suffers from increasing electrolyte decomposition upon cycling 17 . Recently, a 
novel dimethyl sulfoxide (DMSO) based electrolyte has been employed for Li-0 2 batteries and exhibited a high 
performance due to its remarkable stability against superoxides, good oxygen diffusion, high Li + conductivity, 
low volatility, and low viscosity 18 . Peng et al. demonstrated that it was possible to achieve 95% capacity retention 
after 100 cycles with the use of a DMSO electrolyte and a porous gold electrode 19 . The presence of Li 2 0 2 
corroborated by Fourier transform infrared (FTIR) spectroscopy and in situ surface- enhanced Raman spectro- 
scopy (SERS) after many cycles demonstrated that DMSO based electrolyte should be suitable for rechargeable Li- 

0 2 batteries. 

Another challenge for rechargeable Li-0 2 batteries is to reduce the large charge- discharge voltage gap to 
increase the electrical energy efficiency. Since the lithium anode has very little polarization, the large over- 
potential during charge-discharge is mainly caused by the sluggish oxygen reduction reaction (ORR) and oxygen 
evolution reaction (OER) of the air cathode. Although the widely used carbons themselves can act as good 
catalysts for ORR, they are not effective enough for the OER 20 " 25 . Furthermore, carbon materials always promote 
electrolyte decomposition to form Li 2 C0 3 and lithium carboxylates 26 " 28 . Tremendous efforts have been devoted to 
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explore various cathode catalysts to address the above challenges, 
such as metal oxides, metal nitrides and precious metals 29 " 33 . Early 
investigation of cathode catalysts, including Mn0 2 nanowires and 
PtAu alloy catalysts, were conducted using carbonate electrolyte 34 " 36 . 
Recently, bismuth and lead ruthenate pyrochlores, metallic meso- 
porous pyrochlore catalyst, Co 3 0 4 grown on reduced graphene 
oxide, hydrate ruthenium oxide (RuO 2 *0.6 H 2 0) graphene oxide 
gel and perovskite porous La 0 .7 5 Sr 0 25 Mn0 3 nanotubes were reported 
in Li-0 2 cells with a glyme-based electrolyte and showed a high 
reversible capacity with a lower charge potential for OER than pure 
carbon 37 " 42 . The pure nanoporous gold as the electrode without any 
carbon or other additives demonstrated a lower over-potential and 
fast charge-discharge rate with the use of a DMSO electrolyte 19 . 

We developed an efficient cathode catalyst of ruthenium nano- 
crystals supported on carbon black (Ru-CB) by a surfactant assisting 
method. The as-prepared catalyst showed an excellent catalytic activ- 
ity for ORR/OER in Li-0 2 batteries with a high reversible capacity 
and low charge-discharge over-potential (about 0.37 V). To our 
knowledge, this is the first report on Li-0 2 batteries with such low 
charge-discharge over-potential and high electrical energy efficiency. 



This research demonstrated that ruthenium nanocrystals could be a 
promising cathode catalyst for high performance Li-0 2 batteries. 

Results 

Synthesis and structural characterization of Ru-CB catalysts. The 

catalysts of ruthenium nanocrystals supported on carbon black were 
synthesized by a soft template methods followed by low temperature 
heat treatment. Fig. la. shows the schematic of the synthesis process. 
The typical synthesis process involved in the absorption of hydro - 
philic and hydrophobic tri-block copolymer F 127 on the surface of 
carbon black nanoparticles to form homogeneous dispersion by 
ultrasonication and vigorous stirring. Then RuCl 3 was added with 
additional stirring for 24 h. During this process, ruthenium ions were 
absorbed on the long chain of the tri-block copolymer through weak 
coordination bonds between alkylene oxide segments and metal 
ions 43 . The final product was obtained by heat treatment of the as- 
prepared gel in a reducing atmosphere. The ruthenium content in 
Ru-CB nanocomposites was determined to be 34% calculated 
through the TGA measurement (Supplementary Fig. SI). Fig. lb 
shows the X-ray diffraction (XRD) pattern of Ru-CB catalysts, in 
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Figure 1 | Synthesis and structural characterization of Ru-CB catalysts, (a) Schematic illustration of the synthesis process of Ru-CB. (b) XRD 
pattern of Ru-CB. (c) TEM image and crystal size distribution of Ru nanocrystals. (d) High resolution TEM image of Ru-CB and the SAED pattern (inset). 
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which two main diffraction peaks can be indexed to carbon (002) 
and Ru(101). The transmission electron microscopy (TEM) shows 
that Ru nanocrystals are homogeneous distributed on the carbon 
black matrix with an average crystal size of 2.3 nm (Fig. lc). Ano- 
ther low magnification TEM image in Supplementary Fig. S2 also 
shows the uniform distribution of Ru nanocrystals on carbon black 
matrix. High resolution TEM image further clearly demonstrates Ru 
nanocrystals anchored on the surface of carbon black (Fig. Id). 

Electrochemical performance of Ru-CB catalysts in Li-0 2 cells. 

The electrocatalytic activity of Ru-CB catalysts was examined in 
Li-0 2 cells and compared with bare carbon black (CB, Super-P). 
One key component in our Li-0 2 cell configuration is the oxygen 
diffusion electrode. The oxygen electrodes were made by coating the 
electrode materials on glass fiber separators, which allows efficient 
oxygen diffusion through the electrode (Supplementary Fig. S3). 
Another key factor in this experiment is the use of DMSO -based 
electrolyte because of the remarkable stability of DMSO against the 
formation of superoxides. Cyclic voltammetry (CV) was first em- 
ployed to investigate the ORR and OER activity of the Ru-CB 
catalysts. The CV curves of Ru-CB and CB measured in the voltage 
range of 2.0-4.0 V are shown in Fig. 2a. Both Ru-CB and CB elec- 
trodes show a reduction peak during the cathodic scan, indicating the 
good catalytic activity of both Ru-CB and CB for ORRs. During the 
subsequent anodic scan process, strong oxidation (OER) peak can be 
observed at 3.9 V for Ru-CB electrode. The anodic peak intensity of 
the Ru-CB electrode is much higher than that of CB electrode, 



indicating the better catalytic activity of Ru-CB towards OER. In 
the second scan cycle, the CV curve of Ru-CB electrode shows a 
cathodic peak at 2.5 V with similar peak intensity as that in the 
first cycle. For the anodic scan process in the second cycle, the Ru- 
CB electrode still displays a strong oxidation peak at 3.7 V with the 
voltage even lower than that in the first cycle, demonstrating the good 
reversibility for ORR and OER. The anodic peak shifted from 3.9 V 
to 3.7 V, indicating that the electrode may undergo an electro - 
activation process 44 . However, there is only a small reduction peak 
appeared at 2.6 V in the second cathodic scan for the CV curves of 
the CB electrode, illustrating significant decrease of the catalytic 
activity. The CV measurement identified the much higher activity 
of Ru-CB catalysts for ORR and OER, comparing to bare carbon 
black catalysts. 

The galvanostatic charge-discharge measurements were carried 
out to evaluate the electrochemical performances in the voltage range 
of 2.0-4.0 V for Ru-CB and 2.0-4.4 V for CB at room temperature. 
The background anodic scan results (Supplementary Fig. S4) 
demonstrated that DMSO based electrolyte is stable below 4.0 V 
for Ru-CB catalysts and is also stable below 4.2 V for CB catalysts, 
respectively. The typical charge-discharge voltage profiles are shown 
in Fig. 2b. The initial discharge capacity of the Ru-CB electrode is 
9,800 mAh g~\ which is significantly higher than the CB electrode 
(6,230 mAh g" 1 ). The discharge plateau of Ru-CB electrode is 2.8 V, 
which is also slightly higher than the CB electrode (2.76 V). For the 
charge process, significant differences were observed between Ru-CB 
electrode and CB electrode. The Ru-CB electrode shows much lower 
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Figure 2 | Electrochemical characteristics for Ru-CB and CB catalysts in a Li-0 2 cell using a DMSO based electrolyte, (a) CV results at a constant 
scan rate of 0.05 mV s -1 . (b) Charge- discharge curves of the first two cycles for Ru-CB (solid line) and CB electrode (dash line) at 200 mA g -1 . (c) Cycling 
performance of Ru-CB at 200 mA g" 1 . (d) The second cycle charge-discharge voltage curves of Ru-CB at different current densities. 
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charge plateau than the CB electrode, illustrating excellent catalytic 
activity towards OER of Ru-CB catalysts. The main discharge pro- 
ducts identified by ex-situ XRD (Supplementary Fig. S5) are Li 2 0 2 
and by-product LiOH. The first lower charge plateau (3.17 V) corre- 
sponds to the decomposition of Li 2 0 2 and the second higher plateau 
could be associated with the decomposition of LiOH and other car- 
bonate-based by-products. The charge potential of Ru-CB catalysts is 
also lower than the previously reported Ru-based catalysts, which 
may be owing to small particle size of discharge product Li 2 0 2 and 
the use of novel DMSO -based electrolyte 32,39 . Furthermore, It should 
be noticed that 99.5% discharge capacity can be recharged below 
4.0 V with a high energy efficiency of 83.37% and about 85% dis- 
charge capacity can be recharged below 3.5 V in the first cycle. 
Although the energy efficiency is slightly lower than the recently 
reported aqueous rechargeable lithium batteries (about 95%), the 
energy density of Li-0 2 cell with Ru-CB catalysts is much higher 
than the aqueous system. The discharge energy density of our Li- 
0 2 cells (Figure 2b) in the first cycle is 17,443 Wh kg" 1 based on the 
total weight of the cathode electrode including Ru-CB catalysts and 
binder. This is much higher than other rechargeable lithium battery 
systems, including the recently reported aqueous lithium batteries 
(446 Wh kg" 1 ) 6 . To the best of our knowledge, this is the first report 
that a Li-0 2 battery showed such low charge voltage plateau with a 
high specific capacity and high Coulombic efficiency. While for the 
CB electrode, most of the discharge capacity can only be recharged 
above 3.8 V in the first cycle. The cycling performance of the Ru-CB 
electrode is shown in Fig. 2c. Although the discharge capacity 
decreased upon cycling, the Ru-CB electrode still maintained a dis- 
charge capacity of 6,000 mAh g" 1 , a high Coulombic efficiency of 
more than 98%, and relatively low charge- discharge over-potential in 
the 15 th cycle (Supplementary Fig. S6). 

The rate performance of Ru-CB catalysts was further investigated 
at higher charge- discharge current densities of 500 mA g" 1 and 1000 
mA g" 1 between 2.0 and 4.1 V, respectively (Fig. 2d and Supple- 
mentary Fig. S7). The Ru-CB electrode delivered a discharge capacity 
of 6,500 mAh g" 1 at 500 mA g" 1 and more than 98% discharge 
capacity can be recharged under 4.1 V in the following charge pro- 
cess. When further increasing the current density to 1,000 mA g" 1 , 
the Ru-CB electrode achieved a discharge capacity of 5,000 mAh g" 1 
in the second cycle. Even at high current density of 1,000 mA g" 1 , the 
charge plateau of the Ru-CB electrode is still much lower than 4.0 V, 
which can avoid serious electrolyte decomposition at high voltage. 



Discussion 

The morphologies of the Ru-CB electrode at different states of dis- 
charge and charge were analyzed by FESEM (as shown in Fig. 3). 
After discharging the cell to 1,000 mAh g" 1 , the Ru-CB electrode was 
covered with the discharge products. When we further discharge the 
cell to 4,000 mAh g" 1 , large amount of toroid-like aggregates (Li 2 0 2 ) 
were formed on the surface of the electrode (Fig. 3d). During the 
subsequent charge process, toroid-like Li 2 0 2 disappeared at the 
charge capacity of 3,000 mAh g" 1 (Fig. 3e). After charging the cell 
back to 4,000 mA g" 1 , all discharge products completely disappeared 
(Fig. 3f), indicating the high reversibility of the Ru-CB electrode. 

Catalytic activity of Ru-CB catalysts towards the oxygen evolution 
reaction. In order to confirm the catalytic activity of Ru-CB catalysts 
towards the oxidation of Li 2 0 2 , we did a slow anodic potential scan 
to investigate the OER behavior. The anodic scan experiments can 
avoid any morphological/compositional differences of the discharge 
products formed on the electrode during the discharge process 37 . 
Three kinds of electrodes with different composition were pre- 
pared with the first one containing CB only, the second one 
containing Li 2 0 2 /CB, and the third one composed of Li 2 0 2 /Ru-CB. 

Figure 4a presents the anodic scan profiles for cells containing 
three different cathodes. The oxidation peak for the electrode con- 
taining Li 2 0 2 /Ru-CB occurs at 3.85 V, about 0.45 V lower than the 
electrode with Li 2 0 2 /CB, which the oxidation peak appeared at 
4.3 V. The onset potential of the electrode with Ru-CB catalyst 
occurred at 3.3 V, which is also 0.5 V lower than the electrode with 
Li 2 0 2 /CB. The same electrode mixture without peroxide showed no 
oxidation peak features (Fig. 4a, blue dotted curve) except for the 
gradual onset of electrolyte decomposition at high voltage. There- 
fore, we verified that the OER is responsible for the oxidation current. 
We note that the position of the oxidation current peak for Ru-CB 
catalyst is similar to the anodic peaks of the Ru-CB electrode in 
Fig. la. Powder XRD data were also collected on the Li 2 0 2 /Ru-CB 
cathode before and after the anodic scan to 4.2 V and are presented 
in Fig. 4b. The results demonstrate that Li 2 0 2 is completely absent at 
the end of the anodic scan. This further confirmed that Ru-CB cat- 
alysts have the capability to facilitate the OER of Li 2 0 2 in Li-0 2 cells. 

Improved cycling performance of Li-0 2 cells by the charge- 
discharge protocol of curtailing capacity. The cycling perfor- 
mance of Ru-CB catalysts was further examined by curtailing the 
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Figure 4 | Electrocatalytic oxidation of Li 2 0 2 and XRD patterns of the electrode before and after the anodic scan, (a) Anodic scan profiles for 
electrocatalytic activity measurements of the Li 2 0 2 oxidization by Ru-CB and CB catalysts at a scan rate of 0.02 mV s" 1 . CB electrode without Li 2 0 2 was 
used to collect the background profile, (b) Ex situ XRD patterns before and after an anodic potential scan to 4.2 V for the Ru-CB electrode. Crystalline 
Li 2 0 2 was removed by oxidization. 



capacity during cycling. Fig. 5a and b show the voltage profiles of 
Ru-CB electrodes cycled at 200 mA g" 1 with the curtailing capacities 
of 1,000 mAh g" 1 and 4,000 mAh g" 1 , respectively. The Ru-CB 
catalysts display a discharge plateau at about 2.8 V and a charge 



plateau lower than 4.0 V for over 150 cycles. Even extending the 
curtailing capacity to 4000 mAh g" 1 , the voltage profiles are still 
very stable. The cells showed a small over-potential about 0.365 V 
between charge and discharge, which is consistent with the result 
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Figure 5 | Cycling performance of the Li-0 2 cells with Ru-CB catalyst at different capacity limits and current densities. (a,b) Voltage profiles of (a) 150 
cycles at 200 mA g" 1 with curtailing the capacity to 1,000 mAh g" 1 and (b) 40 cycles at 200 mA g" 1 with curtailing the capacity to 4,000 mAh g _1 . 
(c,d) Voltage profiles of 100 cycles at (c) 400 mA g" 1 and (d) 1,000 mA g" 1 with curtailing the capacity to 1,000 mAh g" 1 . 
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shown in Fig. lb (without curtailing capacity). No significant 
changes were observed for the cut-off voltages at each charge and 
discharge cycle (Supplementary Fig. S8a and S8b), demonstrating 
that the battery system is quite stable over many cycles. A 
comparison of voltage profiles between Li-0 2 cells with different 
charge-discharge capacity limitations are shown in Supplementary 
Fig. S9. As discharge capacity increased, more capacity can be 
recharged under 3.5 V with extended voltage plateau at 3.17 V. 
According to the FESEM observation results in Fig. 3, when we 
discharge the Ru-CB electrode to 4000 mAh g"\ toroid-shaped 
Li 2 0 2 were formed on the surface of the electrode. Therefore, Ru- 
CB catalysts can act as a promoter to enhance surface transport of 
Li x 0 2 species and efficiently catalyze the decomposition of toroid- 
shaped Li 2 0 2 during the charging process (OER) 38 . 

The cycling tests were also performed by increasing the charge- 
discharge current densities to 400 mA g" 1 and 1,000 mA g" 1 (Fig. 5c 
and d). Both cells were cycled with a curtailing capacity of 1,000 mA 
g" 1 for over 100 cycles. With the increase of current density, the 
charge-discharge voltage gap increased, owing to the increased 
ohmic polarization. However, there is no significant deterioration 
of the voltage profiles and the charge voltage plateau is still lower 
than 4.0 V. We also observed that there are no changes of the cut-off 
voltages for each charge and discharge cycle (Supplementary Fig. S8c 
and 8d). This implies that the Ru-CB catalysts can tolerate high 
charge-discharge current. 

The above results demonstrate that Li-0 2 cells can operate revers- 
ibly with high efficiency, fast kinetics and good cycling stability. We 
believe that the much improved electrochemical performance should 
be ascribed to the Ru-CB catalysts combined with a stable electrolyte. 
DMSO-based electrolyte has been proved suitable for Li-0 2 batteries 
owing to its remarkable stability against superoxides, good oxygen 
diffusion ability, high Li + conductivity 1819 . Our synthesized Ru-CB 
catalysts also showed much higher catalyst activity than that of bare 
carbon towards ORR and OER in Li-0 2 cells. Recently, it was 
reported that the nonaqueous Li + reduction reaction activity of Pd, 
Pt, Ru, Au and glassy carbon correlated to their surface oxygen 
adsorption energy. The oxygen adsorption energy on the surface 
can significantly influence the Li + oxygen reduction activities. The 
activity trend was found to be Pd > Pt >Ru ~ Au> GC. 33 The 
oxygen adsorption energy on the surface of Ru is higher than carbon, 
which makes Ru more active towards the ORR than carbon black. 
Meanwhile, the Ru-CB catalysts are very stable during charge- 
discharge cycling. The morphologies of Ru-CB catalysts after 
charge-discharge for 50 cycles were observed by TEM. From the 
images in Supplementary Figure S10, we can see that there are no 
significant morphology changes after long term cycling. Recent 
report from Bruce's group clarified that carbon is stable below 
3.5 V for both charge and discharge, but is unstable above 3.5 V in 
the charging process in the DMSO-based electrolyte 27 . The as-pre- 
pared Ru-CB catalysts can significantly reduce the charge potential to 
below 3.5 V. Therefore, the side reactions can be suppressed, leading 
to an enhanced electrochemical performance. 

In summary, we report the achievement of high performance Li- 
0 2 batteries based on Ru nanocrystals catalysts that exhibited a high 
specific capacity of 9,800 mAh g" 1 and an excellent cycle life. The 
Ru-CB catalysts were synthesized by a surfactant assisting method, in 
which Ru nanocrystals homogeneously distribute on carbon matrix. 
The Li-0 2 batteries show a low charge- discharge over-potential 
about 0.37 V. The Ru-CB catalysts also demonstrated superior cycle 
stability at different current densities up to 150 cycles at a curtailing 
capacity of 1,000 mAh g" 1 . We also proved that Ru-CB catalysts can 
effectively decompose the discharge product - Li 2 0 2 , facilitating 
the OER, leading to a high round-trip efficiency. Therefore, Ru 
nanocrystals could be a promising cathode catalyst for rechargeable 
Li-0 2 batteries with superior performance. 



Methods 

Synthesis of Ru-CB catalysts. In a typical synthesis process, 24 mg carbon black 
(Super P) was firstly dispersed in 24 ml distilled water by ultrasonication for 10 min. 
Then 120 mg triblock copolymer (HO(CH 2 CH 2 0) 106 (CH 2 CH(CH 3 )0) 7 o 
(CH 2 CH 2 O) 10 6H) Pluronic® F127 was added under vigorous stirring for 24 h. Then, 
0.8 ml RuCl 3 (20 mg ml -1 H 2 0) was added to the above suspension under vigorous 
stirring for another 24 h. The resulting mixture was aged in air at 50 °C for 48 h in a 
Petri dish and then calcinated by heat treated at 300° C for 3 h under 5% H 2 /Ar 
atmosphere. 

Characterizations. X-ray diffraction pattern (XRD) measurement was conducted on 
a Siemens D5000 X-ray diffractionmeter using Cu Ka radiation. During the XRD 
analysis, the cathode electrodes with Li 2 0 2 were enclosed with a thin transparent 
ploymer film to reduce their exposure to the ambient atmosphere. Field-emission 
scanning electron microscopy (FE-SEM, Zeiss Supra 55VP) and transmission 
electron microscopy (TEM, model JEM-2011, JEOL) were used to investigate the 
morphologies of the as-prepared samples and the air electrode before and after 
charge-discharge. Thermogravimetric analysis was carried out using a TA 
Instruments SDT 2960 at a heating rate of 10 °C min" 1 in air. 

Electrochemical testing of Li-0 2 cells. The oxygen electrodes were prepared as 
follows: Catalyst slurry was prepared by mixing the as-prepared catalysts (90 wt%) 
with poly(tetrafluoroethylene) (PTFE) (10 wt%) in isopropanol. The mixture was 
then coated on a glass fiber separator. The cathode film was punched into discs with a 
diameter of 14 mm and dried at 1 10 °C in a vacuum oven for 12 h. The typical loading 
of the air electrode is about 1 mg carbon cm" 2 . Swagelok type cell with an air hole 
(0.785 cm 2 ) on the cathode side was used to investigate the charge-discharge 
performance. The Li-0 2 cells were assembled in an Ar filled glove box (Mbraun) with 
water and oxygen level less than 0.1 ppm. A lithium foil was used as the anode and 
was separated by two glass microfibre filters, soaked in 0.1 M LiC10 4 (>99.99%, 
Aldrich) in dimethyl sulfoxide (DMSO, anhydrous, > 99.9%, Sigma- Aldrich) 
electrolyte. The cell was gas-tight except for the stainless steel mesh window that 
exposed the porous cathode film to the oxygen atmosphere. All measurements were 
conducted in 1 atm dry oxygen atmosphere to avoid any negative effects of humidity 
and C0 2 . Cyclic voltammogram were carried out on an electrochemical work station 
(CHI 660D) at a scan rate of 0.05 mV s" 1 from 2.0 to 4.0 V. Galvanostatic discharge- 
charge was conducted on a Neware battery testing system. The specific capacity was 
calculated based on the mass of Super-P carbon black in the cathode electrodes. In the 
Li 2 0 2 oxidation experiment, the electrodes containing Li 2 0 2 were prepared inside the 
Ar filled glove box in the weight ratio of 1 : 1 : 2 (Li 2 0 2 : Ru-CB/CB : binder). The 
electrodes without Li 2 0 2 were prepared similarly with the weight ratio of 1 : 2 (CB : 
binder). 
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